and the derepression of alkaline phosphatase activity. The residues Gly-48 and Lys-49 are key residues in the putative nucleotide-binding site.
The phosphate-specific transport (Pst) system of Escherichia coli comprises four distinct subunits encoded by the pstS, pstA, pstB, and pstC genes (1, 17) . These genes, together with the phoU gene, form the pst operon which maps at about minute 83.5 on the E. coli chromosome (2) . The nucleotide sequences of all five genes have been determined, and the amino acid sequences of the corresponding proteins have been deduced (1, 17) . Apart from transporting phosphate, the Pst system plays an important role in the regulation of a number of coordinately regulated genes collectively referred to as the Pho regulon (18, 19) . The PhoU protein is involved in this regulation but is not required for phosphate transport through the Pst system (16) . The PstS protein, the most studied of the four subunits, is the phosphate-binding protein located in the periplasmic space (6) . The PstA and PstC proteins are hydrophobic and are likely to form the transmembrane portion of the Pst system. The PstB protein is hydrophilic and is likely to interact on the cytoplasmic side with the PstA and PstC proteins since the pstB gene does not encode an N-terminal leader sequence. A conserved sequence associated with a nucleotide-binding site has been located on the PstB protein (7). Other transport systems known to be associated with periplasmic binding proteins possess analogous structural features (7).
Residue Arg-220 of the PstA protein is essential for Pi uptake but not essential for alkaline phosphatase repression (5) . A region of the PstC protein was identified (5) which has about 35% amino acid homology with the region of the PstA protein that includes the Arg-220 residue. In the present study, the effect of changing the corresponding residue in the PstC protein, Arg-237, to glutamine was examined, as was the effect of changing Glu-240 to glutamine. Residues Gly-48 and Lys-49 of the PstB protein are key residues in a putative nucleotide-binding site (7) , and by analogy with the work of Parsonage et al. (11) , these residues were changed to isoleucine and glutamine, respectively. Bacterial strains and plasmids. All the bacterial strains used were derived from E. coli K-12 and are described, together with the plasmids used, in Table 1 .
Media and cell culture. Cells were grown overnight with shaking at 37°C in medium 56 with supplements (12) and were harvested in the stationary phase. A phosphate-free buffered medium used in the assay of phosphate uptake and for phosphate starvation of cells (uptake medium) contained 40 mM KCl, 10 mM (NH4)2SO4, and 1 mM MgSO4 and was buffered with 25 mM MOPS (morpholinepropanesulfonic acid) at pH 6.5 (measured at 37°C). The uptake medium was supplemented with a carbon source and other relevant supplements to the same extent as the growth medium. This uptake medium, supplemented with 0.08% (wt/vol) Difco neopeptone and 0.2% (wt/vol) Difco yeast extract constituted the low-phosphate growth medium.
Preparation of plasmids. Plasmid DNA was prepared as described by Selker et al. (15) .
DNA sequencing. Nucleotide sequences were determined by the dideoxy-chain-terminating method of Sanger et al. Site-directed mutagenesis. The method used for site-directed mutagenesis was that outlined in the Amersham handbook Oligonucleotide-directed in vitro mutagenesis system.
Measurement of phosphate uptake. The assay of phosphate This report I Genotypes are according to Bachmann (2); plasmid nomenclature is that used by Novick et al. (10) . Ap, Ampicillin; Cm, chloramphenicol; Tc, tetracycline.
uptake (13) and the apparatus used (12) were described elsewhere. Specific uptake through the Pst system was measured at 0.5 ,uM 32Pi (4) .
Assay of alkaline phosphatase. Alkaline phosphatase activity in colonies was detected by a rapid spray method (3) or measured quantitatively as described previously (4).
RESULTS
Site-directed mutagenesis of the psiC gene. Two residues of the PstC protein, Arg-237 and Glu-240, were selected for substitution. Residue Arg-220 of the PstA protein is required for phosphate transport through the Pst system, and it has been suggested that Arg-237 occupies an equivalent position in the PstC protein (5). Residue Glu-240 of the PstC protein is one turn of a predicted a-helix away from Arg-237. Both residues were replaced by glutamine.
The pstC and pstA genes are located on a 2.8-kilobase HinclI restriction endonuclease fragment extending 840 bases upstream from the pstC gene translation start site to 93 bases downstream from the pstA gene translation termination codon (17) . This fragment was prepared from the plasmid pAN92 (8) and ligated into the SmaI site of the M13 vector mpl8. Single-stranded template DNA was prepared according to the Amersham handbook Oligonucleotide-directed in vitro mutagenesis system. The mutant oligonucleotides used for each site-directed mutagenesis were used as sequencing primers to ensure binding at the correct site and are listed in Table 2 . The site-directed mutagenesis method used was that described in the Amersham handbook cited above. Two of the resultant plaques from each site-directed mutagenesis experiment were screened by nucleotide se- 49-*Gln quencing. One single-stranded DNA preparation from the Arg-237 mutagenesis was found to be mutant, whereas both single-stranded DNA preparations from the Glu-240 mutagenesis were mutant. One of the single-stranded DNA preparations from the Glu-240 mutagenesis was selected, a template DNA preparation was made, and a double mutant was prepared with the mutant oligonucleotide corresponding to the Arg-237-to-Gln change. The complete nucleotide sequence of the pstC gene in each of the four single-stranded DNA preparations was determined to ensure that only the expected nucleotide changes were present. Double-stranded DNA preparations were made from the three mutant and one wild-type single-stranded preparations. These preparations were cut with the restriction endonucleases EcoRI and BamHI, utilizing restriction sites in the polylinker region of the M13mpl8. The vector pBR328 was also cut with the restriction endonucleases EcoRI and BamHI, mixed with each of the restricted M13 preparations, and ligated with T4 DNA ligase, and the mixtures were used to transform strain AN724 to ampicillin resistance. The transformants from each of the four transformations were then screened for chloramphenicol sensitivity. Plasmids were prepared from three such transformants and screened by gel electrophoresis for the presence of the EcoRl-BaiMHI fragment. One such plasmid from each transformation was retained, and these were used to transform strain AN2538 (pstC345) to ampicillin resistance. Strain AN2846 (Arg-237-*Gln) carries plasmid pAN508 with the mutant allele pstC410, strain AN2847 (Glu-240--+Gln) carries plasmid pAN 509 with the mutant allele pstC411, strain AN2861 (Glu-240->Gln, Arg-237--+Gln) carries plasmid pAN514 with the mutant allele pstC412, and strain AN2862 (pstC+) carries plasmid pAN515 with the wild-type pstC gene.
Site-directed mutagenesis of the pstB gene. A putative nucleotide-binding site has been identified in the PstB protein from the amino acid sequence (7). Parsonage et al. (11) have shown for the f3 subunit of the F0F1-ATPase of E. coli that if either of adjacent glycine or lysine residues in the nucleotide-binding site are changed to isoleucine or glutamine, respectively, then activity is lost. The equivalent residues in the PstB protein are Gly-48 and Lys-49, and these residues were changed to isoleucine and glutamine, respectively.
Both the pstB and pstA genes are located on a 2.2-kilobase NcoI fragment extending 234 nucleotides upstream from the pstA gene translation start site to 94 nucleotides downstream from the pstB gene translation termination codon (17) . This fragment was prepared from the plasmid pAN92 (8) , blunt ended with DNA polymerase I large fragment (Klenow), and ligated into the SmaI site of the M13 vector mpl9. The procedures described above for the pstC mutagenesis and screening were followed, and the mutant oligonucleotide used is listed in Table 2 . Double-stranded DNA preparations from a selected mutant and a wild-type preparation were cut with the restriction endonucleases EcoRI and HindlIl, utilizing restriction sites in the polylinker region of M13mpl9. The vector pBR328 was also cut with the restriction endonucleases EcoRI and Hindlll, mixed with each of the nuclease-cleaved M13 preparations, and ligated with T4 DNA ligase, and the mixtures were used to transform strain AN724 to ampicillin resistance. The transformants from both transformations were then screened for chloramphenicol sensitivity, and plasmids were screened by gel electrophoresis for the presence of the EcoRI-HindIII fragment. One such plasmid from each transformation was retained, and these were used to transform strain AN1403 (pstB401) to ampicillin resistance. Strain AN2890 (Gly-48--*Ile, Lys-49-bGln) carries plasmid pAN538 with the mutant allele pstB417, and strain AN2891 (pstB+) carries plasmid pAN539 with the wild-type pstB gene. Phosphate uptake and alkaline phosphatase activities. Phosphate uptake through the Pst system and alkaline phosphatase activities were measured in both the pstB and the pstC sets of mutant strains (Table 3) .
It is clear that both pstC mutations either singly or in combination prevented phosphate uptake through the Pst system. Furthermore, neither mutation caused derepression of alkaline phosphatase. The double mutation in the pstB gene affecting the putative nucleotide-binding site of the PstB protein prevented phosphate uptake through the Pst system and caused derepression of alkaline phosphatase.
DISCUSSION
The residues Arg-237 and Glu-240 of the PstC protein were targeted for alteration by site-directed mutagenesis because a structure of the PstC protein had been proposed in which these residues were buried in the membrane (5) . It has been suggested that such charged residues will exist in transmembrane helical segments only if they are functionally important (9) . The data reported here are consistent with this hypothesis. The loss of phosphate transport did not, however, result in the derepression of alkaline phosphatase even when both pstC mutations were combined. The properties of these mutant strains are therefore the same as those of the strain carrying a mutation resulting in the substitution of Arg-220 by Gln in the PstA protein (5).
Higgins et al. (7) presented evidence for a nucleotidebinding site on one of the membrane components from each of three independent transport systems, the HisP, MalK, and OppD proteins of the histidine, maltose, and oligopeptide transport systems respectively. (7) that the nucleotide-binding site on the PstB protein is responsible for energy coupling. The Pst system is, however, more complex than other periplasmic binding protein-dependent transport systems in that it is involved in the regulation of a number of different gene systems referred to collectively as the Pho regulon (see references 18 and 19) . The transmembrane signalling event associated with the Pst system appears to be unrelated to phosphate transport per se (5) , but the putative nucleotidebinding site on the pstB protein is apparently required for both activities.
